INTRODUCTION
ATP13A2 (PARK9) encodes a lysosomal P 5 -ATPase of undetermined substrate specificity (1, 2) . Mutations in ATP13A2 are associated with Kufor -Rakeb syndrome (KRS), a juvenile onset, autosomal recessive Parkinsonism in humans (3) , and are also associated with both adult onset neuronal ceroid * To whom correspondence should be addressed. Tel: +1 8595725933; Fax: +1 8595725639; Email: schultheisp@nku.edu # The Author 2013. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oup.com lipofuscinosis (NCL) in dogs (4, 5) and juvenile onset NCL in humans (6) . KRS patients display motor deficits, including rigidity and bradykinesia, and by brain imaging show pallidopyramidal degeneration followed later by widespread cerebral atrophy (7 -9) . NCLs are a group of neurodegenerative diseases characterized by the accumulation of autofluorescent storage material (ceroid lipofuscin) within lysosomes of neurons and other cell types. Common clinical features include motor deterioration (cerebellar ataxia), dementia, seizures and visual impairment (4, 5, 10) . Of particular interest is a recent study showing that a juvenile onset form of NCL was caused by an ATP13A2 missense mutation (6) . Affected individuals developed typical NCL pathology (11) but also presented with clinical features commonly seen in KRS (12) , suggesting that KRS and NCL are related disorders in which lysosomal dysfunction plays a central role (6) .
Insights into the function of ATP13A2 have come from studies in yeast, Caenorhabditis elegans and mammalian cell lines. Ypk9p, the yeast homologue of human ATP13A2, protects yeast cells from Mn 2+ toxicity (13, 14) . Similarly, ATP13A2 protects mammalian cell lines and rat primary neuronal cultures from Mn 2+ -induced cell death, thus establishing a link between ATP13A2 activity and an environmental risk factor (manganese exposure) for Parkinsonism (15) . Studies also demonstrate a potential protective function of ATP13A2 against a-synuclein toxicity in C. elegans and rodent primary neuronal cell cultures (14, 16) . Aggregation of a-synuclein is associated with both inherited and sporadic forms of Parkinson's disease (PD) (17, 18) , and intratstriatal inoculation of synthetic misfolded fibrilar a-synuclein leads to nigrostriatal cell death in vivo (19) , suggesting a direct role for a-synuclein in the pathophysiology of PD. Studies in fibroblasts from KRS patients and dopaminergic cell lines show that the loss of ATP13A2 leads to the accumulation of a-synuclein and neurotoxicity in vitro, impaired lysosomal acidification and degradation capacity, decreased proteolytic processing of lysosomal enzymes, accumulation and enlargement of lysosomes and decreased clearance of autophagosomes (16, 20) .
Other investigators (6) have noted that although NCL histopathology has been identified in patients with ATP13A2 mutations, there are currently no histopathological studies from KRS patients. Thus, it is unclear whether KRS patients develop Lewy body and nigrostriatal pathology similar to that found in PD. To assess the function of ATP13A2 and its potential role in KRS and NCL, we generated mice with a targeted disruption of the Atp13a2 gene. These mice were evaluated with a battery of sensorimotor and cognitive tests, and various histological and biochemical analyses were performed to determine whether the loss of Atp13a2 function affected behavior, a-synuclein aggregation, lipofuscin accumulation and nigrostriatal dopaminergic integrity. We show that the loss of Atp13a2 in mice results in sensorimotor deficits in old age, widespread neuronal accumulation of lipofuscin and aggregation of a-synuclein in hippocampus.
RESULTS

Atp13a2 gene targeting
The gene targeting strategy led to a global knockout of Atp13a2 (Fig. 1A) . The deleted exons included sequences encoding the catalytic phosphorylation site (Asp 559), which is essential for enzyme activity. After germline transmission of the targeted allele, heterozygous mice were bred to obtain offspring of all three genotypes. Southern blot (Fig. 1B) and PCR ( Fig. 1C) analyses of tail DNA from offspring of a heterozygous mating showed that the Atp13a2 gene was correctly targeted.
Northern blot analysis ( Fig. 2A ) revealed a transcript of the expected size in brains of wild-type mice, a truncated transcript in null mutants and wild-type and truncated transcripts at similar expression levels in heterozygous mice. The 2.9 kb mutant transcript hybridized with the Neo and 5 ′ probes but not with the 3 ′ probe, indicating that it terminates at an SV40 poly A signal sequence (Fig. 2B) , which was included immediately beyond the promoter of the Neo gene to ensure the termination of the transcript. RT -PCR and sequence analysis (Fig. 2C) showed that the donor splice site of exon 11 was spliced to a cryptic acceptor site within the Neo gene, thereby eliminating the last 828 codons of the 1169 codon mRNA, but adding an alternative 168 codons before a stop codon was encountered.
The protein encoded by the mutant mRNA is predicted to consist of the first 341 amino acids of Atp13a2 and 168 amino acids derived from the antisense strand of the Neo gene. Immunoblot analysis using an antibody that would identify both wild-type and mutant proteins detected a 160 kDa band in Atp13a2 +/+ brain extracts, which was absent in extracts from Atp13a2 2/2 brains (Fig. 2D) . The protein detected in wild-type extracts has an apparent molecular weight that is larger than predicted (127 kDa) on the basis of amino acid sequence, possibly due to post-translational modifications. A non-specific band of 110 kDa was identified in both genotypes; however, a 50 -60 kDa protein was not observed in extracts of mutant brains, suggesting that the predicted mutant protein was not stable.
Expression of other P 5 -ATPases is unaffected by Atp13a2 ablation
Because all the five P 5 -ATPases (Atp13a1-Atp13a5) are expressed in the mouse brain, it was important to determine whether compensatory upregulation of Atp13a1, Atp13a3, Atp13a4 or Atp13a5 might occur in the brains of Atp13a2 2/2 mice. However, northern blot analysis of brain RNA revealed no differences in the expression of any of these genes (Fig. 3) , suggesting that compensation by another isoform does not occur.
Gross phenotype
Offspring from heterozygous matings were born at the expected 1:2:1 Mendelian ratios (73 wild-type, 136 heterozygous, 70 homozygous), indicating that the null mutation does not cause embryonic or fetal lethality. Both male and female homozygous mutant mice were fertile. Atp13a2 2/2 mice grew normally and were indistinguishable from Atp13a2 +/+ mice in outward appearance, size and behavior until old age. Behavioral problems first became apparent at 2 years-of-age, when several mutant animals exhibited an unsteady gait. Consequently, we subjected mice of varying ages to a battery of sensorimotor and cognitive tests including challenging beam,
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Challenging beam traversal
At 5 -12 months of age, there were no significant differences in time to traverse, number of steps taken while traversing, or the number of errors made on the beam between Atp13a2
and Atp13a2 2/2 mice (Supplementary Material, Fig. S1 ). However, at 20-29 months of age several differences were noted. Analysis of the mean of five trials showed that Atp13a2 2/2 mice took more steps and made more errors per step while traversing the beam compared with age-matched Atp13a2 +/+ mice (P , 0.05; Fig. 4A -C) . Further analysis in the older cohort by trial was also performed on traversal time, steps and errors per step and showed differences in all three parameters (Fig. 4D -F) .
Spontaneous activity
At 5 -12 months of age, there were no significant differences in forelimb steps, hindlimb steps, rearing or grooming between
Atp13a2
+/+ and Atp13a2 2/2 mice (Supplementary Material, Fig. S2 ). At 20-29 months of age, there were no differences between genotypes in forelimb stepping, rearing or grooming. However, hindlimb stepping was significantly decreased in Atp13a2 2/2 mice compared with Atp13a2 +/+ mice (P , 0.05; Fig. 5A-D) .
Gait analysis
Stride length and stride difference (the variability in stride lengths) were measured in both Atp13a2 +/+ and Atp13a2
mice. Analysis at 5-12 months of age showed no difference in stride length or stride variability between genotypes (Supplementary Material, Fig. S2 ). Student's t-test at 20-29 months comparing genotypes showed that Atp13a2 2/2 mice made significantly shorter stride lengths compared with wild-type controls. Stride variability scores with females and males combined did not differ between genotypes at 20-29 months, however, analysis of only males (Atp13a2 +/+ ¼ 3, Atp13a2 2/2 ¼ 5) showed that Atp13a2 2/2 males had significantly more variable stride lengths, which is indicative of ataxic movements ( Fig. 5E-F) . 
Nest building
The amount of cotton used to build nests was measured in Atp13a2 +/+ and Atp13a2 2/2 mice at 20-29 months of age. Mann-Whitney U analysis showed that Atp13a2 2/2 mice used significantly less cotton compared with WT mice (P , 0.05; Fig. 6 ).
Cognitive testing
In addition to sensorimotor deficits, cognitive and neuropsychiatric impairments have been shown to develop in KRS, NCL and PD. Therefore, cognitive function and emotional reactivity were compared between 13-17-month-old Atp13a2 2/2 and Atp13a2 +/+ mice in several tests. In the novel object and spatial recognition task, measures of the time spent exploring a novel object or an object in a novel spatial location minus the time spent investigating the older, matching object did not reveal an effect of genotype (Supplementary Material, Fig. S3A ). However, when the total amount of time spent exploring both objects during the familiarization and recognition phase of the test was compared, Atp13a2 2/2 mice spent significantly more time investigating the objects than the Atp13a2 +/+ mice. There were no group differences in overall activity or time spent in the center of the cage. Finally, in a light-dark test of anxiety conducted over 3 days, Atp13a2 2/2 and Atp13a2 +/+ mice displayed similar patterns of behavior. In hidden and visible versions of a water-maze task, a two-way analysis of variance comparing the effects of ′ probes but not the 3 ′ probe indicating that it terminates at an SV40 poly(A) signal sequence that precedes sequences from exon 16. (C) RT-PCR amplification of mutant first-strand cDNA using primers (small arrows) specific for Atp13a2 exon 9 and the Neo gene yielded an 1150 bp product. Sequence analysis showed that the donor splice site of exon 11 was spliced to a cryptic acceptor site in the non-coding strand of the Neo gene (top 
Stereology and analysis of striatal dopamine content
To determine the effect of the loss of Atp13a2 function on the nigrostriatal dopamine (DA) system, immunohistochemical staining and stereological counting of tyrosine hydroxylasepositive (TH+) neurons in the substantia nigra pars compacta (SNc) was carried out in aged animals (20 -29 months) . Staining of TH was similar in both genotypes ( Fig. 7A and B) and they had a comparable number of TH+ neurons ( ). Because changes in DA neurotransmission can occur without loss of dopaminergic neurons per se, we also examined striatal DA levels by HPLC. No differences in striatal DA levels or other biogenic amines were observed (Table 1) .
Accelerated accumulation of intraneuronal storage material in Atp13a2
2/2 mice
The intraneuronal storage material (lipofuscin) that accumulates in all types of NCL is autofluorescent and stains positively with luxol fast blue (LFB) (21) . Compared with Atp13a2 +/+ mice, Atp13a2 2/2 mice show an accelerated deposition of autofluorescent storage material in the cerebellum ( Fig. 8A and B) and in the hippocampus at 18 months of age ( Fig. 8C and D) . Though not as pronounced as in the cerebellum or hippocampus, enhanced autofluorescence was also observed in the cortex (data not shown). The autofluorescent were subjected to sequential extraction, first in Triton X-100 buffer and then in 2% SDS buffer, and analyzed by western blot analysis. Increased levels of Triton X-100 insoluble a-synuclein were observed in the hippocampus of Atp13a2 2/2 mice ( Fig. 9A and B). However, no change in a-synuclein protein solubility was observed in either the cortex ( Fig. 9D and E) or cerebellum ( Fig. 9G and H) . The levels and solubility of tau and huntingtin, proteins prone to aggregation in other neurodegenerative disorders, were not significantly changed in any of the brain regions analyzed. These results suggest that the loss of Atp13a2 results in the preferential accumulation of a-synuclein in the hippocampus. +/+ and Atp13a2 2/2 mice at 20-29 months of age. Spontaneous activity was assessed in the cylinder and measured forelimb and hindlimb stepping, rears and time spent grooming in Atp13a2 +/+ (n ¼ 12) and Atp13a2 2/2 (n ¼ 18) mice (A-D). Atp13a2 2/2 mice showed a significant reduction in hindlimb stepping compared with Atp13a2 +/+ mice (B). Gait analyses assessed stride length and stride variability in Atp13a2 +/+ (n ¼ 15) and Atp13a2 2/2 (n ¼ 20) mice (E and F). Atp13a2 2/2 mice had a significantly shorter stride length than Atp13a2 +/+ mice (E). No difference in stride variability was observed when females and males were analyzed together, but when analyzed separately, stride length was significantly more variable in Atp13a2 Fig. S5A ). The activity of acid alphaglucosidase (GAA), the enzyme involved in the breakdown of lysosomal glycogen (26) , was measured as a control for lysosomal activity and no significant differences were observed (Supplementary Material, Fig. S5B ). Furthermore, when measuring the GCase protein content in the different mouse brains with a previously described GCase-specific fluorescent probe (27) , no significant difference between genotypes was detected among animals of the same age (Supplementary Material, Fig. S6 ).
Quantitative RT -PCR array analyses
To determine whether the loss of Atp13a2 leads to changes in the expression of genes implicated in PD and autophagy, gene expression levels in the striatum and SN of Atp13a2 +/+ and Atp13a2 2/2 mice were compared using autophagy and Parkinson's RT 2 Profiler PCR arrays (SABiosciences). The expression of Nr4a2 (Nurr1) and brain-derived neurotrophic factor (Bdnf) was down-regulated 6.14 and 3.16-fold, respectively, in the striatum of Atp13a2 2/2 mice but unchanged in the SN. Slc6a3 (dopamine transporter, DAT) and tyrosine hydroxylase (Th) expression did not change in either brain region, whereas Snca (a-synuclein) was significantly downregulated in the striatum, but only by 1.15-fold ( Table 2 ). The expression of cathespsin S (Ctss), tumor necrosis factor a (Tnf) and Irgm1 (immunity-related GTPase family, M1) was up-regulated 1.75, 1.60 and 1.56-fold, respectively, in the SN of Atp13a2 2/2 mice (Table 3) . Similar expression results were obtained for these genes in the striatum but the results were based on only two animals of each genotype and are not reported in the table.
DISCUSSION
The Atp13a2-null mouse model was developed using a global targeting strategy that eliminated much of the coding sequence from the mutant mRNA, including exons encoding the catalytic phosphorylation site, the ATP binding site and most of the transmembrane domains. The mutant and wild-type mRNAs were expressed at similar levels in heterozygous mice, indicating that non-sense-mediated decay does not contribute to degradation of the mutant mRNA, as reported for an ATP13A2 mutation in humans (28) . For some ATP13A2 mutations, there is evidence that the expression or accumulation of the mutant protein and resulting neurodegeneration from endoplasmic reticulum stress might contribute to the disease phenotype (3, 29) . Despite the stability of the mRNA, however, a mutant protein was not detected, suggesting that the protein is rapidly degraded or that the mutant mRNA is inefficiently translated. Thus, the phenotype of the mouse model is likely due to lysosomal dysfunction resulting from the loss of Atp13a2, with little, if any, contribution from secondary effects of a mutant protein.
Homozygous or compound heterozygous mutations in ATP13A2 are now known to cause both Kufor-Rakeb syndrome (3) and NCL (6) . The clinical presentation in KRS varies among patients but can include bradykinesia, rigidity, ataxia, dementia, spasticity and supranuclear gaze palsy (8,30 -32) . To date only one family with NCL has been linked to mutations in ATP13A2 (6). In an earlier study, members of this Belgian family variably presented with rigidity, akinesia, resting tremor, uncoordinated movements and impaired intellect (11), a spectrum of symptoms that overlap with those of individuals affected by KRS. The Tibetan terrier model of NCL has also been associated with mutations in ATP13A2, and develops behavioral problems such as mild ataxia, confusion and occasional aggressiveness (33, 34) ; however, Parkinsonian features, such as bradykinesia, rigidity and tremor, have not been reported in affected dogs (4, 5) . Therefore, wild-type and mutant mice were subjected to a variety of sensorimotor and cognitive tests at different ages.
Sensorimotor function was measured using tests sensitive to varying types of motor dysfunction and included challenging beam traversal, spontaneous activity, gait and nest building (35) (36) (37) . Sensorimotor function did not differ between genotypes at 5 -12 months of age; however, at 20-29 months of age Atp13a2 2/2 mice displayed significant impairments in all of the motor tests. On the beam mutant mice made more errors per step compared with wild-type mice and analysis of trial-by-trial performance revealed potential motor learning deficits as well. In the trial-by-trial analysis, both genotypes made a similar number of errors on the first trial, but while wild-type mice improved performance on subsequent trials, Atp13a2 2/2 mice did not. A similar pattern was also observed in time to traverse, suggesting the aged mutant mice have impaired aspects of motor learning. In addition, Atp13a2 2/2 mice showed reduced hindlimb stepping in the cylinder, and exhibited impairments in fine motor skills and orofacial 
movements involved in nestbuilding. In analyses of gait, aged mutant mice exhibited a shortened stride length and while there was no statistical difference in the variability of stride lengths between genotypes, there was a slight trend for mutants to have more variable stride lengths. However, when males and females were analyzed separately we found male Atp13a2 2/2 mice had significantly more variable stride lengths compared with male Atp13a2 +/+ mice suggesting ataxia-like movements in aged males. The sensorimotor deficits observed in aged mutant mice are similar to deficits seen in genetic mouse models of PD and ataxia (36) (37) (38) and resemble aspects of motor dysfunction observed in KRS, NCL and PD.
Cognitive function and emotional reactivity were also compared in Atp13a2 2/2 and Atp13a2 +/+ mice. In the watermaze task, mutant mice found the platform faster, which would typically indicate improved spatial learning capacity and hippocampal function. However, the improved escape latency was likely due to mean increases in swim speed displayed by the mutant mice. Moreover, the distance traveled before finding the platform did not distinguish mutant and wild-type mice. In the object recognition and latency to explore tests, mutant mice demonstrated greater exploratory/ investigatory activities that were not accompanied by changes in general locomotor activity or anxiety, as assessed in open-field and light-dark tests, respectively. It is possible that such changes in exploratory behavior are linked to altered hippocampal function. Hippocampal neurons fire during spatial exploration (39, 40) , and it is possible that lipofuscin and a-synuclein accumulation in or near these neurons disrupts their spatial processing function. It is noteworthy that enhanced exploration has also been observed in other mouse models of PD (41) , suggesting that different cellular pathways implicated in PD can lead to a similar behavioral phenotype.
Although there is currently no reported postmortem analysis of brain histopathology in KRS, imaging studies show that some patients develop diffuse cerebral and cerebellar atrophy and decreased DAT activity in the striatum, but there is no evidence of abnormalities in the SN (42, 43) . In the one known family with ATP13A2-associated NCL in humans, brain histopathology has not been reported, but in a peripheral nerve biopsy these patients exhibited autofluorescent inclusions (11) . In canine NCL, diffuse atrophy in the brain and accelerated accumulation of autofluorescent storage material, or lipofuscin, has been shown in both the cortex and the cerebellum (4). Lipofuscin develops in the lysosomes of cells over the course of aging and accumulates preferentially in the cytosol of postmitotic cells. Its formation is negatively associated with cell survival (44) (45) (46) and it is known from lysosomal storage disorders that substantial deposition of lipofuscin is associated with cellular dysfunction (47) . Therefore, we measured autofluorescent material in multiple brain regions of Atp13a2 2/2 mice. We found enhanced autofluorescence and luxol blue-positive staining indicative of lipofuscin in the cortex, cerebellum and the CA3 region of the hippocampus in Atp13a2 2/2 mice compared with agematched controls. Thus, the results of the current study, and previous studies of ATP13A2-deficiency in dogs and humans, clearly demonstrate that the loss of this P-type ATPase causes lipofuscinosis in all three species.
A characteristic feature of PD is the accumulation of aggregated forms of a-synuclein (48, 49) . Although there is no confirmation of a-synuclein pathology in KRS or ATP13A2-associated NCL, dysfunction of the lysosomal degradation pathway is associated with both PD and a-synuclein aggregation. For example, mutations in GCase cause Gaucher's disease, a rare inherited lysosomal storage disorder, and are the most common genetic risk factor for PD (50, 51) . The lysosomal degradation pathway is particularly important for clearance of aggregated a-synuclein (52), and studies in yeast (14) and in mammalian cell culture, including mouse primary cortical neurons and rat primary mesencephalic dopaminergic neurons, show that the loss of Atp13a2 function results in a-synuclein aggregation and cellular toxicity (16, 20) . Consistent with those studies, we show for the first time that depletion of Atp13a2 in vivo leads to the accumulation of a-synuclein in the mouse brain. Loss of Atp13a2 did not cause changes in levels of soluble a-synuclein in the hippocampus, cortex or cerebellum, but did result in 3-fold increase in Tritoninsoluble a-synuclein in the hippocampus. It is important to note that lipofuscin accumulation in Atp13a2 2/2 brains was most pronounced in the hippocampus, where a-synuclein accumulation was also observed. This suggests that there may be a relationship, most likely lysosomal dysfunction, between lipofuscin accumulation and the formation of insoluble a-synuclein. Tau and huntingtin proteins were also analyzed and showed no changes in protein solubility, indicating that the loss of Atp13a2 causes specific aggregation of a-synuclein. These results highlight the functional importance of Atp13a2 in lysosomal degradation of a-synuclein in a mammalian brain in vivo. Recent studies have also shown that GCase enzyme activity is reduced in PD patients (22) (23) (24) (25) (26) (27) . Therefore, we examined GCase enzyme activity and protein levels in whole brain extracts from Atp13a2 2/2 and Atp13a +/+ mice. However, no significant differences were observed across genotypes. It will be worthwhile in future studies to measure GCase enzyme activity and protein levels in specific brain regions of the knockout mice.
We also compared the expression of genes implicated in PD and autophagy in the striatum and SN of Atp13a2 +/+ and Atp13a2 2/2 mice at 8 -15 months of age using pathwayspecific real-time PCR arrays. The observed down-regulation of Nurr1 and Bdnf in the striatum of Atp13a2 2/2 mice is particularly noteworthy as these genes play an important role in the development and maintenance of dopaminergic neurons (53, 54) . Moreover, previous studies have shown that Nurr1 
(E-H). LFB-PAS stained paraffin sections. Lipofuscin staining (dark blue) is markedly increased in Atp13a2
2/2 brain neurons relative to controls. Sections from the hippocampus (E and F) and the cortex (G and H) are shown.
expression is decreased in PD and may play an important role in the pathogenesis of the disease (53) . Though it is unclear why these genes are down-regulated in the striatum and not the SN, it suggests that the loss of Atp13a2 leads to perturbations in the basal ganglia region of the brain. Indeed, imaging studies suggest iron accumulation in caudate and putamen in KRS (42, 43) . It is also noteworthy that the absence of changes in Nurr1 expression in the SN is consistent with the analysis of nigrostriatal integrity showing no differences in nigrostriatal dopaminergic neuron numbers or in the striatal DA content in the mutant mice (53) . Because the behavioral phenotype was not detectable until old age, it seemed possible that it might be modulated to some extent by compensatory mechanisms associated with other members of the P 5 -ATPase family. We examined mRNA levels for the other members of the P 5 -ATPase family (Atp13a1 and Atp13a3-5) and found no compensatory up-regulation. This was not surprising, as there is no evidence that the other isoforms are expressed in lysosomes and, in fact, the yeast homologue of ATP13A1 is expressed in the endoplasmic reticulum (55) . Furthermore, there is suggestive evidence that substrate specificities may differ between isoforms. As noted previously (1), P-type pumps that share the same substrate specificity and stoichiometry, such as isoforms of the sarco(endo)plasmic reticulum Ca 2+ -ATPase, plasma membrane Ca 2+ -ATPase or Na + ,K + -ATPase, have a high degree of amino acid sequence identity in their transmembrane domains. In contrast, for the P 5 -ATPases, including those whose genes are tandemly linked on the same chromosome, the transmembrane domains exhibit a high degree of sequence divergence (1) . This suggests that ATP13A2 and the other P 5 -ATPases, rather than transporting a specific inorganic cation, may transport substrates belonging to a general class of molecules, with each isoform having different substrate specificities. Other investigators have also speculated that ATP13A2 may transport substrates other than inorganic cations, such as a cofactor for lysosomal enzymes (56) , or that its transport activity might affect lysosomal pathways for ceramide metabolism (57) . This is a reasonable hypothesis, as some P 4 -ATPases are known to mediate phospholipid translocation (58) and the yeast homolog of ATP13A1 affects regulation of the HMG-CoA reductase, a critical enzyme of the mevalonate pathway (59) , raising the possibility that it handles lipid substrates. Further studies are needed to address this important issue.
In summary, our data show that the loss of Atp13a2 in mice leads to lipofuscinosis that is a critical feature of NCL and supports recent in vitro studies showing that ATP13A2 deficiency compromises lysosomal function and results in both 
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lipofuscinosis and abnormal accumulation of a-synuclein (14, 16, 20) . Additionally, these mice will serve as a useful model for clarifying the relationship between NCL and KRS and furthering our understanding of the pathogenic mechanisms underlying these disease states, and others, such as PD.
MATERIALS AND METHODS
Generation of mutant mice
A replacement-type vector was used to exchange exons 12-15 and the 5 ′ half of exon 16 with a neomycin resistance (Neo) gene, which was in the opposite orientation relative to the Atp13a2 transcription unit. Homologous arms flanking the Neo gene were amplified by PCR from mouse genomic DNA. The 3.2 kb 5 ′ arm was amplified using forward (5 ′ -GGTGCAGAC TGAGGCTGTTGTTCAG-3 ′ ) and reverse (5 ′ -TCCTGCATTAT GCAGAGTCTCAGCC-3 ′ ) primers complementary to sequences in exon 4 and intron 11, respectively, whereas the forward (5 ′ -GCTTGGACGTAATGGGCGTGGTGC-3 ′ ) and reverse primers (5 ′ -GATGACAAGGAATGGGGTCACTCTG-3 ′ ) used to amplify the 2.2 kb 3 ′ arm correspond to sequences in exon 16 and intron 21. Gene targeting and blastocyst-mediated transgenesis were performed using standard protocols, and chimeras were bred with Black Swiss mice to obtain ES cellderived offspring. The mice are available to interested researchers directly through the corresponding author.
Southern blot analysis and PCR genotyping
Southern blot analysis of ES cell and mouse tail DNA was carried out as described previously (60) . The 419 base pair (bp) 5
′ probe began at nucleotide (nt) 879 of intron 3 and ended at nt 22 of exon 4, and the 304 bp 3
′ probe began at nt 98 of intron 21 and ended at nt 80 of exon 23. Primers used to amplify the probes were as follows:
. PCR genotyping was performed using DNA from tail biopsies. Forward (5 ′ -AACACTCCGTGCTTCAGTT TCC-3 ′ ) and reverse (5 ′ -AAGGACACGGGACGCAAGCAG-3 ′ ) primers corresponding to nucleotides 133-154 and 277-297 of intron 11, respectively, amplified a 165 bp product from the wild-type gene. A reverse primer (5 ′ -CCAATACGCCCGC GTTTCTTCC-3 ′ ) complementary to sequences within the Neo gene, and the forward primer described above amplified a 284 bp product from the targeted allele.
RNA isolation and northern blot analysis
Total RNA and Poly(A) RNA was isolated using Tri-Reagent and Oligo (dT)-Cellulose Columns (Molecular Research The Nr4a2 and Bdnf genes are down-regulated in the striatum but not the substantia nigra of Atp13a2 2/2 mice. Values obtained from Parkinson's RT 2 Profiler PCR array analysis of tissues from wild-type and Atp13a2 2/2 animals. DC T represents the difference in cycle threshold between the mRNA of interest and the average of a set of housekeeping mRNAs whose expression was found not to vary as a function of the Atp13a2 genotype. Values are shown as mean + SEM and the number of replicates is indicated. Expression relative to +/+ is the mean normalized gene expression (2 2DCT ) in the 2/2 replicates divided by the mean normalized expression in the +/+ replicates. Differences in expression that were found to be significant are marked with one (P , 0.05) or two (P , 0.005) asterisks. Fold regulation is equal to relative expression for values ≥1 and to the negative reciprocal of relative expression for values ,1. The Ctss, Tnf and Irgm1 genes are up-regulated in the substantia nigra of Atp13a2 2/2 mice. Values obtained from Autophagy RT 2 Profiler PCR array analysis of tissue from wild-type and Atp13a2 2/2 animals. DC T represents the difference in cycle threshold between the mRNA of interest and the average of a set of housekeeping mRNAs whose expression was found not to vary as a function of the Atp13a2 genotype. Values are shown as mean + SEM and the number of replicates is indicated. Expression relative to +/+ is the mean normalized gene expression (2 2DCT ) in the 2/2 replicates divided by the mean normalized expression in the +/+ replicates. Differences in expression that were found to be significant are marked with one (P , 0.05) or two (P , 0.005) asterisks. Fold regulation is equal to relative expression for values ≥1 and to the negative reciprocal of relative expression for values ,1.
Center, Inc.). Poly(A) RNA (5 mg) was denatured with glyoxal and dimethyl sulfoxide, fractionated in 1% agarose and transferred to a nylon membrane. Hybridization with 32 P-labeled probes was performed as described previously (60) . cDNA probes for wild-type and mutant Atp13a2 transcripts included 652 bp (5 ′ probe) and 1775 bp (3 ′ probe) fragments spanning codons 60-276 and 568 -1158, respectively, and a 760 bp probe corresponding to codons 1 -240 of the Neo gene. cDNA probes for the other P 5 -ATPases (Atp13a1, Atp13a3, Atp13a4 and Atp13a5) have been described previously (60) .
RT -PCR and sequence analysis of the homozygous mutant transcript
Oligo(dT) primed cDNA was generated from Atp13a2 2/2 brain poly(A) RNA ( 250 ng) using the Invitrogen SuperScript First-Strand Synthesis System for RT -PCR. PCR amplification was carried out using AccuPrime Taq DNA polymerase (Invitrogen) and primers specific for Atp13a2 exon 9 (5 ′ -ACTACTGGTATGCTCTCTGC-3 ′ ) and the Neo gene (5 ′ -GCATATTAAGGTGACGCGTGTG-3 ′ ). The resultant PCR product was purified using a QIAquick Gel Extraction Kit (Qiagen) and sequenced (Retrogen, Inc.).
Western blot analysis
For the detection of Atp13a2 protein, brains were sonicated in 2% SDS, 50 mM Tris-HCl (pH 6.8) and the protein content was determined by the BCA assay. Lysates (50 and 75 mg) were mixed with 4× Laemmli buffer, boiled for 10 min, resolved on a 4 -20% acrylamide gel, transferred to nitrocellulose and blocked for 1 h in 5% skim milk in Tris-buffered saline (TBS). The membrane was incubated overnight at 48C with a 1:500 dilution of rabbit anti-human ATP13A2 antibody (Sigma A9607, which identifies amino acids 195-213), washed and incubated in anti-rabbit horseradish peroxidase labeled secondary antibody (1:5000 dilution) for 1 h at room temperature (RT). After washes in TBS, the membranes were treated with ECL plus reagent for 1 min, and signals were detected with the Protein Simple Imager.
Breeding and behavioral testing
Heterozygous male and female mice were bred together to produce knockout and wild-type mice used in all experiments. Separate cohorts of Atp13a2 +/+ and Atp13a2 2/2 mice were tested at 5 -12 and 20-29 months of age for motor performance and coordination, spontaneous activity and gait.
Challenging beam traversal
Motor performance and coordination were measured with the challenging beam traversal test (36,61 -65) . Briefly, the beam consists of four sections (25 cm each, 1 m total length), each section having a different width. The beam starts at a width of 3.5 cm and gradually narrows by 1 cm increments a final width of 0.5 cm. Animals were trained to traverse the length of the beam starting at the widest section and ending at the narrowest section. Animals received 2 days of training prior to testing; on the day of the test, a mesh grid (1 cm 2 ) of corresponding width was placed over the beam surface leaving 1 cm space between the grid and the beam surface. Animals were then videotaped, while traversing the grid-surfaced beam and videotapes were rated in slow motion by an experimenter blind to genotype. Errors, steps and time to traverse the beam were measured across five trials, and the means of those trials were included in the analysis.
Spontaneous activity
Spontaneous movements of the mice were measured in a small, transparent cylinder 15.5 cm high and 12.7 cm in diameter (36, (61) (62) (63) (64) (65) . The cylinder was placed on a piece of glass with a mirror positioned at an angle beneath the cylinder to allow a clear view of movements along the ground and walls of the cylinder. Videotapes were viewed and rated in slow motion by an experimenter blind to mouse genotype. The number of rears, forelimb and hindlimb steps, and time spent grooming over a 3-min period were measured for each mouse.
Gait analysis
To measure gait, animals were trained to walk through a narrow alley leading into their home cage. Once trained, paper was placed along the alley floor and each animal's hindlimbs were brushed with non-toxic paint. Animals were then placed at the beginning of the alley. As they walked into their home cage they left their paw prints on the paper underneath (35,36,61,66 -68) . The stride length was determined by measuring the distance between hindlimb prints. Only strides made while continuously walking (no stopping) were included in the analysis. Stride lengths at the beginning and end of the alley were not counted since animals tend to make irregular steps at the beginning and typically stop and make smaller steps just before entering the cage. In addition, the range of stride lengths for each animal was measured by subtracting the shortest stride length from the longest stride length (69).
Nest building
Nest building, a natural mouse behavior was measured in Atp13a2 +/+ and Atp13a2 2/2 mice at 20 -29 months of age. The behavior requires the use of orofacial and complex forelimb movements, where animals pull the nesting material apart with their forelimbs and teeth and then break down the material in their mouths and incorporate it into their bedding (36, (70) (71) (72) (73) . Pre-weighed cotton was placed into the feeder of the cage in individually housed mice. Pulling the cotton from the feeder requires rearing up in addition to complex fine motor skills. Cotton use was monitored at 24 h by weighing the remaining cotton in the feeder.
Cognitive testing
Water-maze learning and memory, novel object and spatial recognition and locomotor/exploratory activity tests are described in detail in the Supplementary Material, Methods.
Quantitative RT -PCR array analyses
Total RNA was extracted from freshly dissected mouse brain tissues from 8-to 15-month-old mice using TRI Reagentw (Molecular Research Center). Prior to use in cDNA synthesis
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Human Molecular Genetics, 2013, Vol. 22, No. 10 reactions, RNAs were further purified to remove DNA and other contaminants by using an RNeasyw Mini kit (Qiagen). RNA concentration and purity were assessed spectrophotometrically using a NanoDrop ND-1000 (Thermo Scientific NanoDrop Products). RNA samples were reverse-transcribed using an RT 2 First-Strand cDNA kit (SABiosciences) and gene expression levels in Atp13a2 +/+ and Atp13a2 2/2 tissues were compared using Autophagy (PAMM-084) and Parkinson's (PAMM-124) RT 2 Profiler PCR arrays (SABiosciences) according to the manufacturer's procedures. Complete listings of the genes in each array are available at http://www.sa biosciences.com/ArrayList.php?pline=PCRArray. Thermocycling and data collection were carried out with a model 7300 Real-Time PCR system (Applied Biosystems) and data were analyzed by the DDC T method (74) using the Web-based RT 2 Profiler PCR Array Data Analysis tool (version 3.5, SABiosciences). For analyses of gene expression in the mouse striatum, the Gusb, Hsp90ab1, Gapdh and Actb transcripts were used as internal housekeeping controls. For analyses of expression in the SN, the Hsp90ab1, Gapdh and Actb transcripts were used.
Soluble and insoluble a-synuclein accumulation
To detect Triton and SDS soluble forms of a-synuclein, tau and huntingtin proteins, lysates from the frontal cortex, hippocampus and cerebellum of mutant and wild-type mice at 18 -20 months of age were sequentially extracted as described previously (75) . Frozen brains were homogenized in Triton X-100 solution with a homogenizer (Glas-Col), and subjected to four freeze-thaw cycles. Homogenates were then centrifuged at 100 000g for 30 min. After taking supernatants, the pellets were homogenized in Triton X-100 solution and centrifuged again. The second supernatants were mixed with the first one and used as Triton-soluble (T-sol) fractions. The pellets were resuspended with 2% SDS buffer, sonicated and boiled for 10 min. After centrifugation at 16 000g for 30 min, the supernatants were removed and used as SDS-soluble (SDS-sol) fractions. Thirty micrograms of protein was loaded on 4 -12% Tris -glycine gels or 3 -8% Tris -acetate gels. After separation, samples were transferred to PVDF membranes (Millipore), which were fixed in 0.4% PFA/TBS for 10 min, and then blocked in 5% milk/TBS with 0.1% Tween20 (TBS-T) for 1 h at RT. Membranes were incubated with a-synuclein antibody (202; Covance), tau antibody (A0024; Dako) or huntingtin antibody (5656; Cell Signaling) in TBS-T with 5% BSA at 48C overnight. After washing 3 times with TBS-T, the membranes were incubated with secondary antibodies for 1 h at RT. The membranes were visualized using a LI-COR Odyssey infrared fluorescence scanner.
GCase enzyme activity assay
The mouse brain tissue was diluted 1:10 (w/v) in citratephosphate extraction buffer [150 mM citrate-phosphate buffer pH 5.4, 0.25% Triton X-100, protease inhibitor mix (Roche Diagnostics, Indianapolis, IN, USA)] and homogenized with a mechanical tissue homogenizer (Omni International, Kennesaw, GA, USA). The homogenate was sonicated for 2 × 10 s at 50% amplitude followed by centrifugation at 10 000g for 15 min at 48C. The GCase enzyme activity assay was based on a previously described method (76) . GCase or GAA activity was measured in assay buffer which consisted of citrate-phosphate buffer (pH 5.4) with 10 mM 4-methylumbelliferyl-b-Dglucopyranoside (4MU-b-glc) or 10 mM 4-methylumbelliferyla-D-glucopyranoside (4MU-a-glc), respectively. NaTC was not added to the buffer since this chemical is known to overactivate the GCase enzyme (77) , which could skew read-out of the assay. Briefly, 5 ml of brain extract was added to wells of black 384-well plates (Greiner Bio-One, Inc, Monroe, NC, USA). On each plate, each sample was read in triplicate. For the GCase assay, conduritol-B-epoxide (CBE) triplicates were included for correction of GBA2 activity; 5 ml of 100 mM CBE was added followed by brief centrifugation and incubation at 378C for 15 min at 600 rpm on a plate shaker. Assay buffer was added to each well to a total volume of 30 ml and incubated at 378C for 1 h at 600 rpm. Thirty milliliters of stop solution (1 M glycine, pH 12.5) was added to each well and the fluorescence was measured using a Victor plate reader (Perkin-Elmer, Waltham, MA, USA), at 365 nm excitation and 440 nm emission. Enzyme activity was normalized to total protein amount.
Measurement of GCase protein levels in mouse brain extracts
A GCase-specific chemical probe (MDW933) was synthesized at the Imaging Probe Development Center (IPDC, NHLBI, NIH) as previously described (27) . Total protein amount in each sample was determined by the Bradford assay according to the manufacturer's guidelines (Bio-Rad, Hercules, CA, USA). Ten micrograms of mouse brain tissue homogenate was incubated with 100 nM green fluorescent MDW933 probe in NaAc buffer (pH 5.0) for 90 min at 378C followed by analysis on SDS-PAGE. As a control, we incubated 60 nM Cerezyme (Genzyme, Cambridge, MA, USA) with 100 nM MDW933 probe. Fluorescent signal in the gel was detected with a Typhoon Variable Mode Imager (Amersham Biosciences, Piscataway, NJ, USA) with lex at 488 nm and lem at 520 nm. ImageJ was used for densitometry analysis (version 1.44o; NIH, Bethesda, MD, USA).
Measurement of striatal dopamine content
Brains were removed from 20 to 29-month-old Atp13a2 +/+ and Atp13a2 2/2 mice (n ¼ 10 for each genotype), and one hemisphere was flash frozen in liquid nitrogen for striatal DA measurements and the other was fixed in 4% paraformaldehyde for 20 h and then processed for stereology. Striatal DA levels were analyzed by the Neurochemistry Core Laboratory in the Center for Molecular Neuroscience at Vanderbilt University. Striatal punches were homogenized in 100-750 ml of 0.1 M trichloracetic acid (TCA), 10 22 M sodium acetate, 10 24 M EDTA, 5 ng/ml isoproterenol (as an internal standard) and 10.5% methanol (pH 3.8). Samples were centrifuged at 10 000g for 20 min, and the pellet and supernatant were stored separately at 2808C. Supernatant was thawed and spun for 20 min and then analyzed for biogenic amines using an HPLC assay utilizing an Antec Decade II (oxidation: 0.5) electrochemical detector at 338C. Twenty microlitre samples were injected using a 3.8) . Solvent was delivered at 0.6 ml/min using a Waters 515 HPLC pump. Using this HPLC solvent the following biogenic amines were eluted in the following order: noradrenaline, 3-methoxy-4-hydroxyphenylglycol, adrenaline, 3,4-dihydroxyphenylacetic acid (DOPAC), DA, 5-hydroxyindole acetic acid (5-HIAA), homovanillic acid (HVA), 5-hydroxytryptamine (serotonin, 5-HT) and 3-methoxytyramine. HPLC control and data acquisition were managed by the Millennium 32 software. Total protein concentration of the brain extracts was determined by the standard BCA Protein Assay (Pierce Chemical, Rockford, IL, USA).
Tyrosine hydroxylase immunostaining and stereology
After fixation (see above) brain hemispheres from 6 Atp13a2 +/+ mice and 6 Atp13a2 2/2 mice, ages 20-29 months were processed for stereology. TH immunostaining was performed by FD Neurotechnologies (Ellicott City, MD, USA). Serial cryostat sections (40 mm) were cut coronally through the cerebrum and the brain stem containing the striatum, the SN and the locus coeruleus, 1.94 to 25.88 mm from Bregma (78) . TH immunohistochemistry was performed on sections from the SN ( 22.30 to 24.16 mm from Bregma). After inactivating the endogenous peroxidase activity with hydrogen peroxidase, sections were incubated separately with avidin and biotin solutions (Vector Lab, Burlingame, CA, USA) to block non-specific binding of endogenous biotin, biotin-binding protein and lectins. Sections were then incubated free-floating in PBS-containing normal blocking serum, Triton X-100 and specific antibody for 3 days at 48C. Subsequently, the immunoreaction product was visualized by the avidin -biotin complex method using a Vectastin elite ABC kit (Vector Lab., Burlingame, CA, USA) and 3 ′ ,3 ′ -diaminobenzidine as a chromogen. After washing, all sections were mounted on gelatin-coated slides, counterstained with thionin, dehydrated in ethanol, cleared in xylene and coverslipped in Permountw (Fisher Scientific, Fair Lawn, NJ, USA).
The total number of TH-immunoreactive neurons in the SN and the total volume of SN were quantified using the optical fractionator method (79) and the Cavalieri-point counting method (80) , as previously reported (81) (82) (83) . These studies were carried out with assistance from a commercially available computerized stereology system (Stereologer) by trained personnel blind to group and genotype at a contract research organization (Stereology Resource Center, Chester, MD, USA).
Histology
Brains were isolated from 15-to 18-month-old mutant and wild-type mice. LFB-PAS staining was performed on paraffin sections as previously described (84) . For autofluorescence, deparafinized and rehydrated sections were coverslipped with fluorescent mounting medium and viewed under a fluorescent microscope.
Statistical analysis
Challenging beam, spontaneous activity and gait data collected from Atp13a2 +/+ and Atp13a2 2/2 mice at 5-12 months of age were analyzed using Student's t-test or the Mann-Whitney U test depending on whether the data maintained homogeneity of variance. Similarly, beam, activity, gait and nestbuilding data collected in a separate cohort of mice at 20-29 months of age were analyzed using Student's t-test or the MannWhitney U test. Beam data at 20-29 months were also analyzed by trial. Here, a 2 × 5 mixed design ANOVA was used to compare scores between genotypes across each of the five trials. Post hoc analysis was done using Fisher's LSD. All analyses were conducted with the GB-STAT software (Dynamic Microsystems, Inc., Silver Spring, MD, 2000) for Macintosh. The level of significance was set at P , 0.05.
